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Immobilizing microscale objects (e.g., cells, spheroids, and microparticles) in
arrays for direct observation and analysis is a critical step of many biological and
chemical assays; however, existing techniques are often limited in their ability to
precisely capture, arrange, isolate, and recollect objects of interest. In this work,
we present a microfluidic platform that selectively parks microparticles in
hydrodynamic traps based on particle physical characteristics (size, stiffness, and
internal structure). We present an accompanying scaling analysis for the particle
parking process to enable rational design of microfluidic traps and selection of
operating conditions for successful parking of desired particles with specific size
and elastic modulus. Our platform also enables parking of encoded particle pairs in
defined spatial arrangements and subsequent isolation of these pairs in aqueous
droplets, creating distinct microenvironments with no cross-contamination. In addi-
tion, we demonstrate the ability to recollect objects of interest (i.e., one particle
from each pair) after observation within the channel. This integrated device is ideal
for multiplexed assays or microenvironment fabrication for controlled biological
studies. Published by AIP Publishing. https://doi.org/10.1063/1.5011342

INTRODUCTION

Microfluidic devices are ideal systems for controlled manipulation of micron-sized objects
such as droplets, microparticles, and cells. Complementary length scales and precise control of
flow and environmental conditions make microfluidic platforms ideal for sorting, arrangement,
monitoring, and retrieval of specific objects for various biological applications. Specific exam-
ples include cell sorting' and droplet sorting® to separate objects of interest, single cell trapping
for culturing, imaging, and downstream analysis,‘"5 paired cell immobilization for monitoring
cell-cell interactions,®® and immobilization of particles’ and microorganisms'® for bioassays.

Recently, several groups have developed microfluidic techniques that enable encapsulation
of immobilized particles and cells in isolated droplets, avoiding cross-talk between droplets,
and extending device capabilities for biological and chemical assays.'®'* For example,
particle-containing droplet arrays can be used for enzymatic amplification of low target signals
to improve the sensitivity of hydrogel-based microRNA assays,'? while droplet arrays encapsu-
lating bacterial cells can be used to perform on-chip antibiograms.'® To further improve device
functionality and increase the potential for future applications, it would be advantageous to
enable selective entrapment and isolation of objects with desired characteristics, as well as iso-
lation of pairs or groups of specific objects in a deterministic manner.

Many microfluidic devices have been designed to separate objects based on physical char-
acteristics (e.g., size, stiffness, and shape) for biological applications including circulating tumor

YL, Chen and J. J. Kim contributed equally to this work.
DE-mail: pdoyle@mit.edu

1932-1058/2018/12(2)/024102/11/$30.00 12, 024102-1 Published by AIP Publishing.


https://doi.org/10.1063/1.5011342
https://doi.org/10.1063/1.5011342
https://doi.org/10.1063/1.5011342
mailto:pdoyle@mit.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5011342&domain=pdf&date_stamp=2018-03-01

024102-2 Chen, Kim, and Doyle Biomicrofluidics 12, 024102 (2018)

cell isolation and malaria diagnostics."'>™'® However, beyond separating one population from a
complex sample, it is often useful to arrange objects of interest in designated locations within a
channel'® or microarray®® for further observation or analysis. In addition to enabling character-
istic specific arrangement of objects, it is also desirable to specifically arrange and encapsulate
pairs of objects within the same compartment, in order to create highly controlled microenvir-
onments for chemical or biological studies.

Previous groups have shown that arraying microscale objects in pairs or clusters is useful
for studying interactions between cells, particles, and droplets. For example, Dura et al. used an
array of hydrodynamic traps in a microfluidic device to pair immune cells and monitor cell-cell
interactions.® Similar to previously reported te:chniques,6’7‘21 their device puts two cells in direct
contact with one another using a multistep loading procedure. Other groups have used slightly
different designs to pair beads®* and droplets™ to study diffusion reactions across an interface.
However, these devices can only be used to monitor interactions based on direct contact and
cannot isolate paired objects from the external environment to prevent cross-contamination. In
addition, existing devices do not enable selective retrieval of specific particles (e.g., one particle
from each pair) after arrangement within the channels. Another missing element from existing
platforms is the lack of analysis for the object assembly process. Without design principles for
how to assemble particles within traps based on particle physical properties and device operat-
ing conditions, it is difficult to translate these platforms for different applications.

In this study, we present an integrated microfluidic device for particle arrangement and iso-
lation which overcomes the above limitations. Our device is designed to selectively immobilize
(park) desired microparticles in an array of hydrodynamic traps based on three different physi-
cal characteristics (size, modulus, and internal structure), matching the highest number of sort-
ing characteristics achievable by existing arrangement techniques.”® Immobilized particles can
then be encapsulated with high yield in aqueous droplets, isolated by an immiscible phase. This
device enables long-term visualization of objects of interest in individual isolated compartments
without cross-contamination. We present a scaling analysis that provides a criterion for success-
ful particle parking, allowing for rational selection of appropriate parameters to park objects
based on their physical characteristics. To our knowledge, this is the first presentation of a plat-
form that enables the user to control parking based on particle characteristics and allows for
subsequent encapsulation of these particles in isolated droplets.

We also show how to extend the design of our microfluidic device to enable precise
arrangement of two different particle types in a controlled spatial configuration and demonstrate
the co-encapsulation of two particles in a single aqueous droplet. In our approach, particle park-
ing and isolation are both deterministic processes with high yield, overcoming limitations set
by Poisson statistics in stochastic particle encapsulation.”**> Our device ensures that only
desired particles are parked in designated trap locations and that all isolated droplets do not
contain more than the desired number of particles, whether it is a single particle or one pair of
particles. This integrated parking and isolation device eliminates the need for separate droplet
generation/encapsulation and downstream sorting/merging techniques.

Another advantage of our technique is that it allows objects to be isolated in the same compart-
ment, without being in direct contact with one another, enabling time-lapse monitoring of interactions
(e.g., communication, reactions) between paired objects, while eliminating potential confounding
effects arising from direct contact, including deformation, adhesion, or merging/fusion. Furthermore,
after pairs have been arranged, we can selectively retrieve one particle in each pair for collection or
downstream analysis. We have the ability to encode our microparticles, making it possible to track the
original position of each particle within the channel. Overall, these features make our device a highly
flexible platform that can be adapted for many different biological or chemical assays.

METHODS
Microfluidic device fabrication

Microfluidic devices were fabricated by previously reported procedures.?® Briefly, polydi-
methylsiloxane (PDMS) (10:1 monomer to curing agent, Sylgard 184, Dow Corning) was cured
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on silicon wafers patterned with SU-8 features, and devices were bonded to PDMS-coated glass
slides. Three channel designs were used in this work: (1) particle synthesis channel—straight
channel with a width of 300 um and a height of 42 um, (2) single parking spot channel (shown
in Figs. 1 and 2)—serpentine channel with single trap per row (39 traps total), and (3) double
parking spot channel (shown in Figs. 3 and 4)—serpentine channel with two traps per row, con-
nected by a bridge (39 pairs total). Both types of parking channels were 38.5 um tall.

Particle synthesis

Hydrogel microparticles were fabricated via stop-flow lithography.”®*’ Prepolymer solu-
tions were prepared by mixing 20%—30% (v/v) poly(ethylene glycol) diacrylate (PEGDA; Mn
=700, Sigma-Aldrich), 5% 2-hydroxy-2-methyl-propiophenone (photoinitiator, Sigma-Aldrich),
25% de-ionized (DI) water, and 40%—50% polyethylene glycol (PEG; Mn =200, Sigma-
Aldrich) to make up the remaining volume. The ratio of PEGDA to PEG was adjusted to
achieve particles of varying stiffness—the particle moduli were measured by AFM force spec-
troscopy to be 0.12kPa, 0.28 kPa, and 0.65 kPa for 20%, 25%, and 30% PEGDA, respectively.
To synthesize fluorescent particles, we replaced 1% (v/v) of the PEG200 with 1 mg ml~' rhoda-
mine acrylate (Polysciences) in PEG200. Using the previously reported stop flow lithography
(SFL) setup,?®*’ prepolymer solution was loaded into the synthesis device by pressure-
controlled flow. After stopping the flow, particles were polymerized by ultraviolet light
(Thorlabs, 365nm LED, 720 mW cm ™ ?) in mask-defined shapes (transparency masks designed
in AutoCAD, printed by Fineline Imaging). The three steps (flow, stop, and exposure) were
repeated to achieve semi-continuous particle synthesis. We synthesized particles carefully at
low throughput to minimize variations in particle characteristics. We used circular masks to
polymerize disk-shaped microparticles with diameters from 94 to 110 um and an average height
of 37 um. We controlled the internal structure of the particles by changing the shape of the pho-
tomask to polymerize cylindrical rings with a constant outer diameter and varying internal
diameters. Polymerized particles were collected from the channel outlet and purified with PBST
(phosphate buffered saline with 0.05% Tween-20) by centrifugation.

MEASURING PARTICLE ELASTIC MODULUS BY ATOMIC FORCE MICROSCOPY

To determine the elastic modulus of the hydrogel microparticles, force spectroscopy mea-
surements were performed using a MFP-3D-BIO atomic force microscope with an integrated
optical microscope (Asylum Research). A 50 ul drop of particle solution (~10 particles in
PBST) was placed on a glass slide. A silicon nitride cantilever of nominal spring constant
0.03N m~ ' with a silica spherical indenter of 600 nm diameter (Novascan) was used to indent
the particles in PBST, after they settled to the surface of the slide. The inverse optical lever
sensitivity (InvOLS) was calibrated from deflection-displacement curves on a rigid glass slide
(41.32nm V1Y), and the actual spring constant of the cantilever was measured using the ther-
mal noise method to be 0.034N m~'.*® For each sample, we indented 4 particles, 3 indents per
particle. Elastic modulus was calculated by fitting the force-indentation curves to a maximum
indentation depth of 200 nm, using the Hertz model for spherical elastic contact with IGOR
data processing software (Wavemetrics). The indentation velocity was 1 um s '. The PEGDA
hydrogels were assumed to be incompressible elastic materials, with a Poisson’s ratio of
0.5 See details in the supplementary material.

CRITICAL PRESSURE MEASUREMENTS AND PARTICLE SORTING

Particle solution (concentration of ~5 particles xl~' in PBST) was loaded into the inlet of
the single parking spot channels using a modified pipette tip connected to a compressed air
pressure source via Tygon tubing. Applied pressure across the device (APcpanne) Was precisely
controlled by a Type 100LR pressure regulator and a software-controlled 3-way solenoid valve
(type 6014, Burkert).”” The pressure at the outlet of the device was atmospheric pressure.
Starting from a low initial AP, we slowly increased AP until the particles of interest began to
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successfully squeeze and park into the traps. If any particles were not parked, we would con-
tinue to increase AP by small increments until all particles in the channel were parked. For crit-
ical pressure range measurements, we used solutions containing a single particle type and
recorded the pressure range required to park all particles in the channel (except for rare cases
where particle parking was obstructed by debris or channel defects). We repeated this process
for all particle-channel combinations (various particle diameters, moduli, and channel dimen-
sions). For particle sorting, we used a solution containing a mixture of two particle types.
Parking channels could be reused by back-flowing PBST, followed by DI water, from the outlet
to the inlet at high enough pressure to remove all parked particles. Channels were then placed
upside down in a shallow dish of water to ensure removal of all particles from the inlet and
outlet of the device. Before reuse, channels were dried with air and baked to remove residual
moisture if required. Unless otherwise specified, we report AP (pressure applied to the particles)
for single parking spot channels and AP,,; (pressure applied to each row) for double parking
spot channels (see details in the supplementary material).

ARRANGEMENT, ISOLATION, AND RECOLLECTION

For particle arrangement in double parking spot channels, we first flowed a solution con-
taining the particle type to be parked in the inner traps. After filling all inner traps, we back-
flowed PBST at low pressure to remove all excess particles, while ensuring parked particles
remaining in their traps. Next, we introduced the second particle type into the channel inlet and
adjusted APpunne to park the particles in the outer traps. Particle pairs could then be isolated
by back-flowing an immiscible phase (e.g., air, oil) to encapsulate particles in isolated aqueous
droplets. Particles within each pair are connected via a bridge and therefore isolated within the
same droplet. To selectively recollect particles, we first filled the channel with an aqueous
phase to reconnect the isolated droplets. Then, we back-flowed PBST from the outlet, increas-
ing the pressure until the desired particles were selectively recollected at the inlet, while the
other particles remained in the traps.

RESULTS AND DISCUSSION
Particle parking: Design and criterion

Hydrodynamic traps in microfluidic channels have been used to array single particles, cells,
embryos, and organisms for various biological applications.** The general principle relies on
controlling relative fluid flow between a trap and a bypass channel.’' When a trap is empty, a
large portion of flow is directed through the trap, carrying a particle into the trap. However,
once a particle occupies the trap, the resistance through the trap increases significantly. This
causes the majority of flow to be redirected to the bypass channel, which carries subsequent
particles to the next empty trap and ensures that each trap only contains a single particle. This
is a simple and efficient method for arraying single objects in a microfluidic channel for obser-
vation and analysis. We expand on this technique by designing a modified platform that enables
selective parking of particles based on physical characteristics (size, elastic modulus, and inter-
nal structure). We also develop a scaling theory to define the criterion for particle parking based
on particle and trap dimensions, particle elastic modulus, and applied pressure.

To synthesize microparticles with different physical properties, we used stop flow lithogra-
phy (SFL), a high-throughput method for synthesis of polymeric particles by photolithography
in a microfluidic channel.?®*” In SFL, we can precisely control the particle size and shape by
changing the photomask used for UV-crosslinking and we can control the particle elastic modu-
lus by changing the amount of crosslinker (polyethylene glycol diacrylate, PEGDA) in the pre-
polymer solution.*

To enable selective parking of microparticles based on particle physical characteristics, we
designed a microfluidic device with an array of hydrodynamic traps, based on design principles
from prior work.'>*! Figure 1(a) shows the overall device design: the inlet contains a dust filter
to prevent debris from entering the main channel and posts along the channel direct particles to
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FIG. 1. Microfluidic device for microparticle arrangement. (a) Overall channel design for arrangement of particles. The
device comprises an inlet and outlet with one trap per row. (b) Particles are guided by hydrodynamic force, squeezed, and
parked into each trap. (c) A schematic for particle parking. (d) Plot shows the pressure required to park particles (i.e., criti-
cal pressure) of different diameters in traps with different entrance widths (all particles have the same modulus). (e) Plot
shows the critical pressure to park particles with different moduli in traps with different entrance widths (all particles have
the same diameter). (f) Phase diagram showing the criterion for particle parking. Different colored points represent particles
of different moduli (green: 0.12 kPa, blue: 0.28 kPa, and pink: 0.65 kPa). Error bars represent the pressure range required to
park all particles in the channel.

streamlines at the edge of the channel to facilitate parking into traps. There are a total of 39
traps, with one trap in each row of the serpentine channel. Figures 1(b) and 1(c) show close-up
views of the hydrodynamic trap design within our device. We allocate a single trap per row,
ensuring that all traps experience the same applied pressure. We control the applied pressure

FIG. 2. Particle sorting by different physical characteristics: size (a), modulus (b), and internal structure (c). Particles with
desired physical characteristics can be selectively parked into traps at a given applied pressure. (a) Small particles (89 um,
bottom trap) are successfully parked, while large particles (105 um) are excluded at AP =0.038 psi. Both particles have
elastic moduli of 0.28 kPa. (b) Soft particles (0.12kPa, top trap, fluorescent) are successfully parked, while stiff particles
(0.28 kPa) are excluded at AP =0.059 psi. The fluorescence image is overlaid in the final frame to distinguish the soft parti-
cle. Both particles are 105 um in diameter. (c) Ring particles (29 um thick ring with hollow interior) are successfully
parked, while solid particles are excluded at AP =0.067 psi. Both particles have elastic moduli of 0.28 kPa and an outer
diameter of 105 um. Scale bars represent 200 ym.
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FIG. 3. Specific and sequential arrangement of particles in connected traps. (a) and (b) Schematic (a) and hydrodynamic
circuit (b) of the device with one trap pair per row. Trap pair is connected by a bridge. Applied pressure along the inner
trap (AP;) is higher than that along the outer trap (AP,), allowing sequential particle arrangement. (c) and (d) Large particles
(105 um) are first parked at the inner trap position (AP, =0.090 psi), and then, smaller particles (89 um) are parked at the
outer trap (AP, = 0.077 psi). (e) and (f) Stiff particles (0.28 kPa) are first parked at the inner trap position (AP, =
0.090 psi), and then, soft particles (0.12kPa, fluorescent) are parked at the outer trap (AP, = 0.051 psi). (g) and (h)
Identical particles are parked sequentially, first at the inner trap position (AP, = 0.090psi) and then at the outer trap
(AP = 0.19 psi). (i) Time-lapse images showing selective parking at the inner trap position at AP,; = 0.090 psi. Scale
bars represent 200 um.

across the entire channel (AP p.nne1) to change the applied pressure responsible for particle park-
ing (AP; details are shown in the supplementary material). Each trap contains an entrance
region, the width of which can be tuned to accommodate various particles. For parking deform-
able hydrogel particles, we designed the entrance width (60 or 66 um) to be smaller than the
particle diameters (94-110 um), so that particles will deform to enter the trap and remain fixed

a specific arrangement air isolation droplet reconnection specific recollection

FIG. 4. Isolation and specific recollection of arranged particles. (a) Schematics of isolation and recollection processes.
Traps/trap pairs can be isolated by air (or oil) to encapsulate particles within aqueous droplets in a deterministic manner.
Trap pairs are connected by a bridge to allow particle pairs to reside in the same isolated droplet. Particles can also be spe-
cifically collected based on trap position or physical characteristics. (b) Arranged particles with coded particles in the outer
trap position. (c) Particle pairs are isolated in aqueous droplets by back-flow of air. (d) Droplets are reconnected by
forward-flow of PBST. (e) Coded particles are specifically recollected by back-flow of PBST, leaving only plain particles
remaining. The original location of recollected particles can be identified by the numeric code. (f) Time-lapse images show-
ing the isolation process by back-flow of air. Each particle pair (one coded, one plain) is isolated within the same droplet
(bridge connects inner and outer trap). (g) Time-lapse images showing specific recollection of coded particles. Arrows indi-
cate the flow direction. Scale bars represent 200 um.
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in position after parking. There are 5 pores along the bottom of each trap, each ~10um in
width. The narrow width of each pore ensures that highly deformable particles do not pass
through the bottom of the trap and prevents trespassing of the two-phase interface during the
isolation process,'® while multiple pores ensure sufficient fluid flow through the trap to guide
and park particles. Figures 1(d) and 1(e) show that different critical pressures are required to
park particles depending on particle diameter, trap entrance width, and particle composition. As
expected, the critical pressure for parking increases with the increasing particle diameter,
increasing particle modulus, or decreasing trap width. To increase the utility of our platform,
we developed a scaling theory to describe all relevant parameters governing particle parking.

Based on theory developed for interference fit*® and capillary micromechanics,®’** we
define a dimensionless number, ¥, that governs particle parking into the hydrodynamic trap
(see derivation in the supplementary material)

L AP (he + hp)re 1)
F uE, hyx

W is the ratio of the driving force (f) to the wall friction (F). AP is the applied pressure differ-

ence across the particle, i, and h, are the channel height and particle height, respectively, r. is

half the width of the trap entrance, u is the friction coefficient between the PDMS channel and

the particle, E, is the particle elastic modulus, and x is defined based on particle diameter and

channel width, as given below [x,, is defined in the schematic in Fig. 1(c)]

K=4 [xm — T tan~! <@)} . 2)
I'e

The correction factor C is added to account for PDMS channel deformation,® which is depen-
dent on overall applied pressure (see details in the supplementary material). ¥ can also be
described as the ratio between two dimensionless groups: one describing the pressure difference
and material properties (W;) and the other purely the geometric group (‘¥>)

CY,
Ye~C¥Y ~—— 3
c 7, 3)
AP
¥ ~—=, 4)
KE),
1 (he + hp)re
e e 5
\Pz /’ZI,K ( )

A particle will only successfully park into a trap when W is larger than a critical value, such
that the driving force overcomes wall friction. We validated this by testing many different com-
binations of particle size, particle modulus, and trap dimensions and determining the critical
pressure for successful parking for each condition. Figure 1(f) shows a plot of CW; versus ¥,
for different experimental conditions. We can see that all experimental data fall along a straight
line, corresponding to the critical value of Y.

Selective particle parking

As particles with different physical characteristics exhibit different critical pressures for
parking, we can use this device to selectively park particles with desired properties from a
mixed solution. Figure 2 contains time-lapse images showing selective parking of particles with
desired size, modulus, and internal structure in traps. Figure 2(a) shows parking of small par-
ticles and exclusion of larger particles at AP =0.038 psi. Figure 2(b) shows parking of soft par-
ticles and exclusion of stiffer particles at AP=0.059 psi. It is also possible to distinguish
between particles of different internal structures (e.g., capsules versus solid particles), since the
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internal structure contributes to overall particle deformability.*” Figure 2(c) shows parking of
ring particles with a hollow interior and exclusion of solid particles at AP =0.067 psi. Figure
S5 (supplementary material) shows selective parking of thinner ring particles and exclusion of
thicker rings. Low magnification images of channels after selective parking for each scenario
are shown in Figs. S5 and S6 (supplementary material).

After parking desired particles in traps, excluded particles can be removed from the device
by back-flow of PBST (from the outlet to the inlet). In this way, only selected objects will be
positioned within the device for further observation or subsequent isolation in droplets. Here,
we demonstrate selective parking of one particle type from a mixture of two different particles;
however, it will also be possible to isolate a single particle type from a more complex mixture,
as long as the desired particle requires a different critical pressure for parking compared to the
other objects. Our examples show parking of the particle requiring lower critical pressure and
exclusion of particles requiring higher critical pressure for parking. However, achieving the
opposite case may also be possible with some design modifications. For example, if traps are
designed with larger pores, soft/small particles can escape, while larger/stiffer particles remain
within the traps. It should also be possible to selectively park medium size/stiffness particles by
tuning relative trap entrance and pore dimensions.

The parking process is analyzed using scaling theory. Thus, the technique can be easily
adapted to park other soft biological objects (e.g., cells, spheroids, and embryos), by scaling the
device to the relevant dimensions. For smaller objects, it might be required to use other fabrica-
tion techniques, such as etching or e-beam lithography, to scale down the device. A scaling
analysis may require slight modifications to account for differences in the object shape/struc-
ture. Since physical properties can often be used to identify cell type or cell state, the ability to
selectively park and monitor cells with specific physical characteristics may be extremely useful
for fundamental biological studies or diagnostics applications.

Sequential particle arrangement

By increasing the number of traps per row, we can enable proximal particle arrangement in
a specific and sequential manner. We can take advantage of the fact that the trap position along
each row of the channel influences the AP ,nne required for particle parking. As shown in
Figs. 3(a) and 3(b), the applied pressure along the inner trap position (AP;) is higher than the
outer trap (AP,) at a given AP,,;; (=applied pressure over each row). This means that for the
same particle, a lower AP, is required to park the particle at the inner trap position compared
to the outer trap. This enables us to sequentially park identical particles or arrange two different
particles at specific locations.

Figures 3(c) and 3(d) show initial parking of large particles at the inner trap position, fol-
lowed by parking of small particles at the outer trap. Between these two steps, excess large par-
ticles are removed from the channel by back-flowing PBST at a low pressure. Similarly, in
Figs. 3(e) and 3(f), stiff particles are first parked at the inner trap, followed by soft particles at
the outer trap. Note that the positions of the two particle types can be easily swapped by chang-
ing the parking sequence (e.g., first park soft particles at the inner trap, followed by stiff
particles at the outer trap). These examples demonstrate specific arrangement of particles with
different physical characteristics, but the device can also be used to arrange identical particles
in a sequential manner, as shown in Figs. 3(g) and 3(h). First, all inner traps are filled at a low
APp;; [0.090 psi; time-lapse images shown in Fig. 3(i)], and then, AP, is increased (0.19 psi)
to park particles at the outer trap location. This would potentially be useful for arraying par-
ticles with the same physical properties but different chemical/biological functionalities.

The two traps in each row can be connected via a bridge (as shown in Fig. 3), so that upon
isolation the paired objects will reside in the same droplet, and it will be possible to monitor
interactions between the two objects. Compared to previous microfluidic platforms®!'"?! for
arranging pairs or groups of objects, the two particles in our device do not have to come into
direct contact with one another. This means that it is possible to monitor longer-range interac-
tions between objects that may be distinct from interactions arising from direct contact. For
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example, our device could be used for distinguishing cell-cell communication through secreted
signaling molecules, rather than membrane contact,*’ on a single cell level. Inter-trap/inter-par-
ticle distance can also be tuned for various applications. It should be noted that larger distances
between traps would result in a greater difference in required AP, to park particles in each of
the two trap sites. This platform can also be easily extended for arrangement of more than two
particles by addition of more trap sites along each row of the channel. This is an inherent limi-
tation of many other platforms due to particle loading design.

Particle isolation and recollection

Our platform enables parking and isolation of particles within aqueous droplets in a deter-
ministic manner, with high yield for both processes, as shown in our group’s recent demonstra-
tion of a device with similar design principles.'? Efficient isolation of particles (>95% of
parked particles are isolated) was performed by back-flowing immiscible oil from the device
outlet to inlet, encapsulating particles in water-in-oil droplets in the process. Back-flow was
used to prevent the oil-water interface from trespassing the trap, ensuring homogeneous droplet
sizes, and preventing deformation of soft particles. This is because the pressure due to interfa-
cial tension between oil and water is much higher at the narrow trap pores (~10 um in width)
compared to the wider trap entrance (~60 um). The trap entrance and pore dimensions are
designed to enable particles to park within the trap without escaping. As demonstrated by a
scaling theory,'? allowing the oil to pass by the trap pores before the entrance prevents trespass-
ing of the interface (maximum interfacial tension > applied pressure) and ensures uniform-sized
droplets, independent of particle stiffness.

In the platform presented here, we demonstrate efficient isolation using air to create water-
in-air droplets. After isolation, droplets can be reconnected, and particles can be specifically
recollected. Figure 4(a) shows a schematic of the overall process and the flow direction for
each step of the process. Figures 4(b)-4(e) show the corresponding experimental images: Fig.
4(b) shows the device after specific arrangement of two particle types—particles with a numeric
code are parked in the outer trap, while plain particles are parked in the inner trap; Fig. 4(c)
shows the particle pairs after isolation in droplets by back-flow of air; Fig. 4(d) shows the chan-
nel after droplets have been reconnected by forward-flow of PBST; Fig. 4(e) shows the channel
after specific recollection of coded particles from the outer trap location.

Figure 4(f) and Video S1 (supplementary material) show the isolation process in detail.
The air-water interface can be seen flowing from the bottom of the traps around to the top,
encapsulating particle pairs in aqueous droplets in the process. It is clear that the interface does
not penetrate the traps and that particles remain fixed in their positions (the applied pressure for
isolation should be lower than the pressure for particle escaping from both traps). After isola-
tion, the particle pairs show no deformation and clearly reside in the same isolated droplet via
the connecting bridge. We can easily replace air with an immiscible oil to create water-in-oil
droplets instead."”

Figure 4(g) and Video S2 (supplementary material) show the particle recollection process.
By back-flowing PBST at an applied pressure greater than the escaping pressure for the outer
trap but lower than the escaping pressure for the inner trap, only coded particles in the outer
trap can be selectively collected at the inlet. By increasing the pressure, both particle types can
be collected together or sequentially—plain particles after coded particles. The ability to encode
SFL particles** allows us to track the original particle location within the channel. This is bene-
ficial for generating distinct, parallelized microenvironments, where we are able to analyze
objects after recollection.

The ability to park and isolate pairs or groups of objects in specific proximal arrangements
is ideal for microenvironment fabrication. For example, drug or chemical containing particles
can be parked in one trap, while cell-coated*® or cell-containing®* particles can be parked in the
neighboring trap. Or, a scaled-down device may be used to monitor interactions between single
cells of different cell types. Isolation enables long-term monitoring of object pairs without
crosstalk between pairs in the same channel. This also enables multiplexed assays or
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accumulation of reaction products within individual droplets. The ability to easily recollect one
specific object from each pair after arrangement within the channel is an additional advantage
of this platform—this could enable separate downstream analysis of the two particle types after
a reaction in the isolated droplet.

CONCLUSION

We demonstrate a microfluidic device for characteristic-specific parking of soft micropar-
ticles and sequential arrangement of microparticle pairs to create isolated microenvironments.
We present a scaling analysis for the parking process of deformable microparticles into the
hydrodynamic traps, enabling rational selection of operating conditions for the arrangement of
particles with different sizes and stiffness. After desired particles are parked in the trap array,
single or paired particles can be easily isolated in aqueous droplets by back-flowing an immisci-
ble phase through the channel. Based on our design, particles are encapsulated in monodisperse
droplets with high yield, enabling multiplexed assays within the channel with no crosstalk. Our
design could also be extended to park and isolate groups of three or more particles, with tun-
able inter-particle spacing. Our simple and inexpensive PDMS-based channel design, with one
inlet and one outlet, is easy to operate and ensures robust fabrication of particle-in-droplet
arrays without the need for multiple devices for droplet generation, droplet sorting, and droplet
arrangement. The trap design can be easily tailored for specific applications—for example, scal-
ing down dimensions to create arrays of uniform-sized deformable cells,*'* excluding cells
above a certain size or stiffness. We also demonstrate the ability to specifically recollect
encoded particles from our arrays, based on their parking position. The use of encoded particles
synthesized by SFL enables tracking of particle position throughout any multistep assays. This
flexible platform can be easily extended for future applications requiring arrangement and isola-
tion of soft, biological objects.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed information of methods, derivation of scaling anal-
ysis, and additional experimental data.
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